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Introduction
With increased longevity of the global population, agerelated neurodegenerative disorders have become a leading medical and societal burden. These diseases are characterized by progressive clinical course and irreversible neuronal dysfunction. Neurodegeneration or axonal loss typically occurs in specific regions of the brain, but can spread to new anatomically connected areas through the brain connectome, leading to large-scale degeneration and worsening clinical deficits (Hardy and Revesz, 2012; Stam, 2014; Fornito et al., 2015) . This pathological feature of neurodegeneration is termed as transneuronal or trans-synaptic degeneration. Transneuronal mechanisms contribute to the neuronal pathology of numerous CNS diseases such as Alzheimer's disease (Su et al., 1997; de Calignon et al., 2012) , multiple sclerosis (Kolbe et al., 2012; Gabilondo et al., 2014; Klistorner et al., 2014; Balk et al., 2015; Tur et al., 2016 ), Parkinson's disease (Saper et al., 1987; Goedert, 2015) and stroke (Jindahra et al., 2012; Dang et al., 2016) .
Since there is strong retinotopic connectivity between the retina, the optic radiation (OR) and the visual cortex, the visual pathway provides a unique model to study transneuronal degeneration. Diffusion tensor imaging (DTI) provides a measure to visualize the orientation and anisotropy of macroscale connectome in vivo (Le Bihan and JohansenBerg, 2012) . Diffusivity indices such as parallel or axial diffusivity, perpendicular or radial diffusivity, fractional anisotropy and mean diffusivity can be used to characterize microstructural changes and tissue integrity in the brain. However, it is well known that crossing fibres can potentially (and sometimes paradoxically) alter diffusivity (Wheeler-Kingshott and Cercignani, 2009 ).
Therefore, highly coherent OR fibre tracts are ideal for orientationally-selective diffusivity measures such as axial diffusivity and radial diffusivity (Jeurissen et al., 2013; Teipel et al., 2014) , and provide another distinct advantage when modelling transneuronal degeneration. In animal models, while it has been accepted that elevation of radial diffusivity is largely related to the level of demyelination (Song et al., 2005; Alexander et al., 2007; Janve et al., 2013) , alteration of axial diffusivity caused by axonal transection and following degeneration is likely to be time-dependant. Recent publications suggest that the acute stage of axonal destruction is typically associated with reduced axial diffusivity (possibly related to fragmentation of axons, which creates barriers to the longitudinal displacement of water molecules). Conversely, in the case of chronic and slow progressing degeneration of the white matter, axial diffusivity tends to be elevated, a finding that has been attributed to axonal loss (Klistorner et al., 2015) . Early DTI analyses were typically based on average diffusivity measures in the entire OR (Kaushik et al., 2014; Sidek et al., 2014) , while recent advances in diffusion imaging have facilitated detailed investigation of localized diffusivity changes along the white matter tracts, including the OR (Yeatman et al., 2012; Ogawa et al., 2014; Heckel et al., 2015) . In addition, using probabilistic tractography, OR fibres can be successfully separated based on their projection to various cortical areas or local white matter damage (Klistorner et al., 2015) . Furthermore, compared to the pathology in other parts of the brain, changes in the visual system are more clinically observable. The visual evoked potential (VEP) and optical coherence tomography (OCT) provide the means to assess demyelination in the visual pathways (You et al., 2011) and retinal ganglion cell (RGC) fibre loss, respectively (Petzold et al., 2010) in vivo.
To allow topographical analysis of the visual pathways, we selected two distinct patient cohorts with specific patterns of optic nerve injuries. Glaucoma is a neurodegenerative disorder characterized by optic atrophy and visual field defects, it is the one of the leading causes of blindness worldwide (Quigley and Broman, 2006) and it is known to primarily affect RGCs. The glaucoma cohort in this study included primary open-angle glaucoma patients with symmetrical binocular superior or binocular inferior hemifield loss respecting the horizontal meridian. Optic neuritis is another common cause of optic nerve damage and it is often the initial manifestation of multiple sclerosis. The formation of focal inflammatory lesions, in the optic nerve and elsewhere, is associated with acute axonal transection (Trapp et al., 1998) . In this study, we also screened a large group (480) of patients with multiple sclerosis (including subjects with or without history of optic neuritis), and enrolled those patients without OR lesions in a longitudinal study. The patients with multiple sclerosis were followed up for 3 years with annual MRI scans to rule out new lesional activity in the OR. Based on the unique retinotopy of the human visual system, we observed anterograde microstructural changes along the posterior visual pathways in two distinct forms of optic neuropathy, suggesting myelin pathology precedes axonal loss in transneuronal degeneration. In an analogous animal model of optic nerve injury, we observed early histopathological changes of active demyelination before axonal damage became evident in the posterior visual projections. Together, our findings suggest that neurodegeneration does spread in a 'trans-synaptic' manner along neural networks; however, the fact that myelin pathology precedes axonal loss indicates that the process, at the cellular level, may be partially mediated by glial components.
Methods and materials Human ethics statement and patient selection
This study was approved by Sydney University Human Research Ethics Committee (Approval No. 2013/106) and written informed consent was obtained from all participants. The study adhered to the tenets of the Declaration of Helsinki. For glaucoma patients, inclusion criteria included: (i) primary open angle glaucoma diagnosed by an ophthalmologist specialized in glaucoma; (ii) predominantly superior or inferior binocular visual hemifield loss (24-2 Humphrey visual field) respecting the horizontal meridian; and (iii) the presence of corresponding optic disc change and retinal nerve fibre layer (RNFL) defects (Spectralis OCT) (Fig. 1A) . In patients with primary open-angle glaucoma, unaffected visual hemifields represented early or 'preperimetric' stage of glaucomatous damage. Twenty-five patients with primary open-angle glaucoma and 13 control subjects with similar age and gender distributions were enrolled and demographic profiles of the participants are shown in Supplementary  Table 1. For patients with multiple sclerosis, inclusion criteria comprised relapsing-remitting multiple sclerosis diagnosed by a specialist neurologist according to the McDonald 2010 criteria (Polman et al., 2011) . Exclusion criteria included: (i) a history of other ocular or neurological diseases such as macular disorders and stroke; and (ii) high refractive error outside the range of AE4 diopters. Healthy control subjects were also enrolled in the study. As focal multiple sclerosis lesions can significantly affect the diffusivity measurements (Klistorner et al., 2016) , we specifically selected patients who did not have OR lesions based on FLAIR imaging in this study (see MRI protocols below; no diffusivity measures were used for patient exclusion). We performed pre-and post-gadolinium sagittal T 1 and FLAIR CUBE MRI scans as a screening test in 82 consecutive relapsing-remitting multiple sclerosis patients diagnosed according to the diagnostic criteria (Polman et al., 2011) . Fourteen patients with a history of unilateral optic neuritis (optic neuritis group) and 16 patients without previous optic neuritis attacks (non-optic neuritis group) were enrolled. Twenty healthy subjects with similar age and sex distributions were tested as controls (see Supplementary material for participant demographics).
MRI data acquisition
All study participants underwent MRI brain scans on an MR750 3.0 T scanner with an 8-channel head-coil (GE Medical Systems).
Glaucoma cohort
Axial T 1 -weighted imaging (inversion recovery fast 3D gradient echo imaging, IRFSPGR) was acquired with the following image parameters: field of view = 240 mm 2 , acquisition matrix (frequency Â phase) = 342 Â 342, reconstruction matrix: 512 Â 512, phase encoding direction: left to right, echo time = 2.816 ms, inversion time = 450 ms, repetition time = 7.096 ms, pixel bandwidth = 244.141 Hz/ pixel, and slice thickness = 0.7 mm.
Whole-brain diffusion-weighted images were obtained using an echo planar imaging with 64 gradient directions, field of view = 256 mm, acquisition matrix = 128 Â 128, reconstruction matrix = 256 Â 256, slice thickness = 2 mm, echo time = 83 ms, repetition time = 8325 ms, bvalue = 1000 s/mm 2 and two acquisitions without gradient weighting.
Multiple sclerosis cohort
Pre-and post-contrast (gadolinium) sagittal 3D T 1 was obtained using the following parameters: GE BRAVO sequence, field of view = 256 mm, slice thickness = 1 mm, echo time = 2.7 ms, repetition time = 7.2 ms, flip angle = 12 , pixel spacing = 1 mm. Acquisition matrix (frequency Â phase) is 256 Â 256, which results in 1 mm isotropic acquisition voxel size. The reconstruction matrix is 256 Â 256.
Axial FLAIR sequence (GE CUBE T 2 FLAIR) was obtained using the following parameters: field of view = 240 mm 2 , acquisition matrix = 256 Â 244, echo time = 163 ms, repetition time = 8000 ms, flip angle = 90 and pixel spacing = 0.47 mm.
Whole brain 64-directions diffusion-weighted imaging with parameters identical to those used in the glaucoma cohort was carried out.
MRI data analysis
The DICOM format of the MRI images was converted to NIFTI using dcm2nii from MRIcron (v.06/06/2013, http://people.cas.sc.edu/rorden/mricron/dcm2nii.html) followed by inhomogeneity correction for tissue signal intensities in T 1 -weighted imaging using FreeSurfer software (v5.3.0, https://surfer.nmr.mgh.harvard.edu).
Probabilistic tractography was used to reconstruct the superior and inferior optic radiations (Fig. 1B) . Briefly, after Eddy-current distortion correction and motion compensation in FSL, the EPI susceptibility distortion in the diffusion-weighted imaging was corrected and the output dwi was aligned to T 1 -weighted structural images by applying deformation metrics derived from non-linear coregistration between skull-removed T 1 -weighted and dwi b0 images. Implementation of probabilistic tractography for OR requires a pair of seeding regions of interest [lateral geniculate nucleus (LGN) and calcarine sulcus] for each OR. Bilateral LGN regions of interest were delineated automatically by projecting the LGN template in standard MNI space to subject space using non-linear co-registration. Regions of interest for the superior and inferior calcarine cortices (glaucoma) (Fig. 1B) or the entire calcarine cortex (multiple sclerosis) were then created for both left and right hemispheres in FSLVIEW. Probabilistic tractography (ConTrack) (Sherbondy et al., 2008) was then used between the LGN and calcarine regions of interest. Quality assurance was performed in Quench (Stanford University;
https://web.stanford.edu/group/vista/cgi-bin/ wiki/index.php/QUENCH) to ensure the reconstructed OR fascicles were anatomically plausible, especially Meyer's loop. Motion, Eddy-current, and EPI susceptibility distortion were corrected for diffusion-weighted imaging prior to the tensor reconstruction and co-registration with T 1 anatomical image. Seeding points for probabilistic tractography at LGN and superior and inferior calcarine sulcus were delineated on T 1 structural images to generate upper and lower ORs, and quality assurance applied to ensure anatomical plausibility of the final results. (C) Fibre-based diffusivity analysis showed increase of axial diffusivity (AD) in the OR corresponding to affected hemifields (P = 0.004) but not in the OR corresponding to unaffected hemifields (P = 0.65). However, this axial diffusivity increase was limited to the anterior OR segments (red shading) but was not seen in the posterior segments. (D) Radial diffusivity (RD) increase was found in OR fibres receiving projections from both affected (P 5 0.0001) and unaffected visual hemifields (P 5 0.0001). In the fibres projecting to the affected visual hemifield the increase of radial diffusivity was observed along the entire length of the OR from the LGN to V1 (red shading), while in the unaffected OR it was only detected in the anterior OR segments (blue shading). (E) Reduction of fractional anisotropy (FA) was observed in OR fibres corresponding to both affected (P 5 0.0001) and unaffected hemifields (P 5 0.0001). However, fractional anisotropy changes in the affected OR extended more posteriorly (red shading) compared to the unaffected OR (blue shading). (F) Similarly, mean diffusivity (MD) increase was seen along the entire length of the affected OR (red shading), but limited to the anterior part of the OR projecting to the unaffected visual hemifield (blue shading). Data analysed with two-way ANOVA (blue and red dash lines represent SEM; n = 25 for glaucoma patients; n = 13 for controls). ROI = region of interest.
For multi-nodal comparison between affected and unaffected ORs and between optic neuritis and non-optic neuritis patients, fibre diffusivity profiles (including fractional anisotropy, and axial, radial, and mean diffusivity) were calculated along the periventricular OR for each subject individually as described previously (Klistorner et al., 2015) . The most anterior portion of the OR is represented by Meyer's loop, which mainly carries fibres projecting to the inferior retina; however, some non-vision fibres that emerge from the sublentiform portion of the internal capsule also participate in Meyer's loop (Goga and Ture, 2015) . DTI modelling relies heavily on the assumption of voxel-based fibre coherency, and therefore this model does not adequately estimate orientationally-selective diffusivity measures such as axial and radial diffusivity outside of highly coherent fibre tracts due to extensive fibre crossing (Jeurissen et al., 2013; Teipel et al., 2014) . Hence, our multi-nodal analysis for OR comparison was focused on the periventricular highly coherent OR segments posterior to Meyer's loop. OR volume analysis would not be applicable to this study, because anatomically there is a considerable overlap between the superior and inferior ORs (central bundle) containing the macular fibres (Ebeling and Reulen, 1988; Peltier et al., 2006; Goga and Ture, 2015) . In total, 30 nodes were generated for the periventricular OR. For the glaucoma study, six posterior nodes were excluded for both superior and inferior ORs due to fibre spreading when approaching the calcarine cortex (to allow for intra-subject comparisons). For group comparisons, ORs from both sides were averaged. In the glaucoma study, whole brain cortical grey matter was reconstructed with Freesurfer imaging analysis suite (Lusebrink et al., 2013) . Strict quality assurance was implemented at brain extraction and cortical surface reconstruction. Bilateral superior and inferior calcarine regions of interest were projected onto the cortical thickness map to derive the average thickness measurements.
For patients with multiple sclerosis, individual lesions were identified on the co-registered baseline T 2 FLAIR images and semi-automatically segmented using JIM 7 software (Xinapse Systems, Essex, UK) by a trained analyst. We used probabilistic tractography to reconstruct OR fibres. Multiple sclerosis lesions were identified on co-registered FLAIR T 2 images and segmented using ITK-SNAP software. Lesions were then intersected with OR fibres to detect OR lesions (Klistorner et al., 2015) and only patients without lesions in the OR were included in the longitudinal study. To compensate for the shift in position of follow-up lesions caused by ongoing brain atrophy the baseline lesion mask was projected onto the follow-up T 2 FLAIR image (Klistorner et al., 2018) and the position of every lesion in each slice examined to ensure that no new OR lesions had developed during follow-up.
Multifocal visual evoked potential recordings
Multifocal VEPs were recorded as described previously using VisionSearch (Shen et al., 2018) . The visual stimulus was generated on a 19-inch high-resolution LCD display (LG L1954, response time 2 ms; LG Electronics) with a refresh rate of 60 Hz. The stimulus consisted of a cortically-scaled dartboard pattern of 58 segments, containing a 4 Â 4 grid of black (1.1 cd/m 2 ) and white (146 cd/m 2 ) checks. All subjects were refracted optimally for near vision and seated 30 cm from the display. Four gold-cup electrodes (Grass Technologies) placed in a custom-built electrode holder were used for bipolar recording: two electrodes positioned 4 cm on either side of the inion, one electrode in the midline 2.5 cm above the inion, and one electrode 4 to 5 cm below the inion. Electrical signals were recorded along two channels, as the difference between superior and inferior, and between left and right. The ground electrode was placed on an ear lobe. The visual evoked responses were amplified 100 000 times (sampling rate, 512 Hz) and bandpass filtered (1-20 Hz). Sixteen glaucoma patients completed multifocal VEP recordings in this study.
Optical coherence tomography scans
All participants underwent two OCT scans on the same day using the Spectralis OCT (Heidelberg Engineering) including a peripapillary ring scan and a macular radial pattern scan (Graham et al., 2016; Shen et al., 2018) . All OCT images fulfilled the OSCAR-IB criteria (Tewarie et al., 2012) . The macula radial pattern protocol provided six slices in a star-like pattern with the midpoint being the central fovea, and created 12 radial segments around the central fovea, each 4.5 mm long and separated by 30 from each other. A 30 of visual angle (15 of eccentricity) were scanned in total. One hundred scans were averaged for each line scan to produce a resolution of 1536 pixels. For each OCT slice around the fovea, segmentation of the retinal layers was produced automatically by Heidelberg Eye Explorer software (Version 1.9.14.0, Heidelberg Engineering, Germany). The ganglion cell layer and inner plexiform layer were analysed together as each of them could not be accurately distinguished because of similar reflectivity. Any thickness differences occurred in the combined layers between all eyes were attributed to the RGCs as these two layers are considered to predominantly house the RGC neurons. The thickness of the combined layers of ganglion cell inner plexiform layer (GCIPL) was calculated at five eccentricities (between 2 and 10 ) along each radial line. Mean values for both nasal and temporal macula regions were calculated.
Perimetry
The visual field test was performed using a Humphrey Field Analyzer and the 24-2 SITA-Standard protocol (Carl Zeiss Meditec). A test was considered reliable if fixation losses were fewer than 15% and false-positive and false-negative rates were lower than 10%. Unreliable tests were repeated.
Optic nerve axotomy in mice
Male C57BL/6 J mice were used in this study (9 weeks, Animal Research Centre, Perth, Australia n = 24). All procedures involving animals were conducted in accordance with the guidelines of the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research, and all the experiments were approved by the Animal Ethics Committee of Macquarie University. All animals were maintained in an air-conditioned room with controlled temperature (21 AE 2 C) and fixed daily 12-h light/dark cycles. Animals were anaesthetized with an intraperitoneal injection of ketamine (75 mg/kg) and medetomidine (0.5 mg/kg) for the surgery. A randomly selected eye in each animal underwent optic nerve axotomy and the fellow eye served as internal control. The optic nerve was exposed through the temporal part of the conjunctiva and transected by Vannas scissors at a distance of $1.5 mm posterior to the eye globe. The mice were allowed to recover from anaesthesia on a warming pad.
Tissue preparation and histology
Animals were sacrificed at 2 days, 1 week and 2 weeks (n = 8 per time point) after optic nerve axotomy with an overdose of anaesthetics and then perfused transcardially with 4% paraformaldehyde. For paraffin embedded sections, the brains were fixed in 4% paraformaldehyde overnight, processed in an automatic tissue processor (Leica), and embedded in paraffin. Seven-micrometre thick coronal sections were made using a rotary microtome (Carl Zeiss). Luxol Fast Blue (0.1%, Sigma) and Bielschowsky's silver (Hito OptimStain TM Kit) staining were performed on paraffin-embedded sections to assess myelin and axonal pathology, respectively (You et al., 2011) . For immunohistochemistry study, the brains were subjected to 4% paraformaldehyde fixation followed by overnight incubation in 30% sucrose and brain coronal cryosections (15 mm) were then prepared by using a cryostat (Leica). The cryosections were permeabilized with cold ethanol, blocked using phosphate-buffered saline (PBS) with 5% serum (of species from which secondary antibody is raised) and 0.3% Triton TM X-100, and incubated with the primary antibodies diluted (see below for the dilation of each antibody) in PBS with 1% bovine serum albumin (BSA) and 0.3% Triton TM X-100 overnight at 4 C. Sections were then subjected to incubation with Alexa Fluor Õ conjugated secondary antibodies for 1 h in the dark and mounted on glass slides. The pictures were captured and analysed using an Axio Imager microscope (Carl Zeiss). The number of F40/80 positive and GFAP positive cells as well as APP-positive spheroids were counted over a standard distance (0.625 mm) along the dorsal LGN to V1 projections (areas I and II) within microscopic field of view ( Â40). Luxol Fast Blue and Bieschowsky's silver staining results were quantified in both areas I and II by analysing the per cent area using ImageJ in three standardized microscopic areas of 314 mm 2 . For each mouse, three separate coronal sections were stained for analysis.
Antibodies
The following antibodies were used in the immunohistochemistry study: F4/80 (rat monoclonal, Abcam ab6640, 1:100) for macrophage identification, MPLP (rabbit polyclonal, Abcam ab28486, 1:500) to stain myelin proteolipid protein, APP (rabbit monoclonal, Abcam ab32136, 1:150) to visualize axonal amyloid precursor protein accumulation, GFAP (mouse monoclonal, ab4648, 1:100) for astrocyte activation analysis, NeuN (mouse monoclonal, Millipore MAB377, 1:300) to identify neuronal cells and Caspase-3 (rabbit polyclonal, Cell Signaling 9661S, 1:300) for apoptotic cell identification.
Data analysis and statistics
For the human study, the diffusivity indices along the OR fibres from the LGN to V1 were calculated using the multinodal approach and compared between different groups (affected versus unaffected in glaucoma and optic neuritis versus non-optic neuritis in multiple sclerosis) by using two-way ANOVA (Graphpad Prism, version 7.0; Graphpad, La Jolla, CA, USA; Prism was also used for all graphs and data visualization). The location of each OR segment was set as the row factor. Localized diffusivity change analysis was achieved based on the measures from three adjacent nodes using two-way ANOVA and P-values were corrected for multiple comparisons by using the Benjamini-Hochberg procedure with the false discovery rate at 0.05. Glaucoma patients were also divided into two groups based on the severity of visual hemifield loss determined by Humphrey pattern standard deviation (PSD), which is an indicator of severity of glaucomatous visual hemifield loss and it measures irregularity of the threshold values. Patients with PSD 5 10 dB were assigned to the early/moderate glaucoma group and patients with PSD 5 10 dB were included in the advanced glaucoma group. The grey-matter thickness was calculated for upper and lower calcarine cortices, respectively in glaucoma patients and compared using paired t-test. Humphrey visual field threshold values and multifocal VEP latencies/amplitudes were averaged over each quadrant of the visual field in glaucoma patients for further analysis. Quadrant-based analysis was performed in glaucoma for each visual field quadrant (mean data from both eyes) to assess the topographical relationship between functional measurements and diffusivity indices by using the fixed effects model and combined right and left analysis for P-values (SPSS version 22.0, IBM, USA). Similarly, the GCIPL thickness was calculated for nasal and temporal parts of the macula, respectively in patients with multiple sclerosis, and the correlation between GCIPL loss at baseline and longitudinal diffusivity changes in the corresponding OR was analysed using the fixed effects model. D'Agostino-Pearson omnibus normality test was used to determine whether data were sampled from Gaussian distributions. For the animal study, levels of macrophage accumulation, glial activation, demyelination and axonal disruption from the contralateral visual pathway of the axotomized optic nerve were measured in three separate brain sections in each mouse and compared with those from the ipsilateral side at each time point using two-way ANOVA test with repeated measures. P 5 0.05 was considered statistically significant.
Data availability
The authors confirm that the data supporting the findings of this study are available within the article and its Supplementary material, or from the corresponding author upon reasonable request.
Results

Microstructural changes along the optic radiations in patients with open-angle glaucoma
First, we investigated water diffusivity changes in the optic radiations in the primary open-angle glaucoma cohort. All patients presented with symmetrical binocular superior or inferior visual hemifield defects and corresponding retinal nerve fibre layer thinning (Fig. 1A) .
Superior and inferior OR fibres were generated (Fig. 1B ) and fibre-based diffusivity analysis (average of both ORs) revealed an increase of axial diffusivity in the part of the OR carrying fibres projecting to the affected visual hemifield (P = 0.004) (Fig.1C) , but not in the OR fibres projecting to the unaffected visual field (P = 0.65) (Fig. 1C) . Further examination of local axial diffusivity changes along the OR demonstrated that the axial diffusivity increase was limited to the anterior (close to the LGN) one-third of OR, but was not significant in the posterior part of the OR (Fig. 1C) . On the other hand, both affected and unaffected (preperimetric) OR fibres showed an elevated radial diffusivity level (P 5 0.0001 for both affected and unaffected fibres) (Fig. 1D) . In the fibres projecting to the affected visual hemifield the increase of radial diffusivity was observed along the entire length of the OR from the LGN to V1, while in the unaffected OR it was only detected in the anterior half of the OR (Fig. 1D) . In addition, both affected and unaffected OR fibres exhibited a significant reduction in the fractional anisotropy (P 5 0.0001, Fig. 1E ). Similar to radial diffusivity changes, fractional anisotropy reduction extended more posteriorly in the affected compared to the unaffected fibres. The part of OR projecting to the affected visual hemifield also displayed a significant increase in the mean diffusivity value along the entire OR length (P 5 0.0001, Fig. 1F ). Conversely, mean diffusivity changes were only observed in the anterior segments of the unaffected OR fibres (P 5 0.002, Fig. 1F ). No statistical difference in diffusivity indices was observed between superior and inferior ORs in normal subjects (Supplementary Fig. 1 ). The fact that radial diffusivity changes extended more posteriorly compared to axial diffusivity suggests myelin pathology might start earlier in the process of anterograde transneuronal degeneration.
Topographic relationship between the optic radiation microstructural changes and visual functional defects There were 13 patients with advanced hemifield loss (PSD 5 10 dB) and 12 patients with early to moderate visual field deficit (PSD 5 10 dB), respectively. In the group with advanced hemifield loss, axial, radial and mean diffusivity were significantly increased, and fractional anisotropy reduced in the OR compared to the group with less severe field deficits (P 5 0.05, Supplementary Fig. 2 ). Within the PSD 5 10 dB group, we also observed significant radial and mean diffusivity and fractional anisotropy changes by intra-subject comparison between affected and unaffected OR fibres. However, no difference was found between affected and unaffected ORs in the PSD 5 10 dB group (P 4 0.05). These results suggest that the observed microstructural changes in the OR relate to disease stage/ severity.
According to the unique topographical connectivity between the retina and the OR ( Fig. 2A-D) , we performed quadrant-based analysis to delineate the relationship between diffusivity indices in the OR and functional changes in the corresponding visual pathways. We first determined the correlation of Humphrey sensitivity threshold with diffusivity measurements in the OR in each affected visual field quadrant (blue and green quadrants in Fig. 2A) . Combined left and right pairwise analysis using the fixed effects model revealed a statistically significant correlation between visual field sensitivity threshold and DTI indices including axial diffusivity (r = À0.343; P = 0.01), radial diffusivity (À0.360; P = 0.01) and mean diffusivity (r = À0.376; P = 0.007) (Fig. 2E ). In the unaffected visual field quadrants, where Humphrey perimetry test was relatively normal (pink and orange quadrants in Fig. 2B ), the multifocal VEP (mfVEP) technique was used to evaluate subtle functional changes. We correlated mfVEP parameters in the unaffected quadrants with corresponding diffusivity changes in the OR and found a strong association between mfVEP latency and radial diffusivity (r = 0.553; P = 0.001). Conversely, no correlation was observed between mfVEP latency and axial diffusivity (r = 0.244; P = 0.18) (Fig. 2F ). In addition, fractional anisotropy and mean diffusivity values were also negatively (r = À0.533; P = 0.002) and positively (r = 0.455, P = 0.009) associated with the mfVEP latency (Fig. 2G) . No significant correlation was identified between mfVEP amplitude and diffusivity measurements (P 4 0.05; Supplementary Table 2). As VEP latency delay has been proven to be a measure of demyelination in vivo (You et al., 2011) , the retinotopybased correlation between VEP latency and radial diffusivity changes further support the involvement of myelin change in transneuronal degeneration.
Calcarine cortex thinning in glaucoma is topographically associated with radial diffusivity changes in the optic radiations Next, we assessed the grey matter thickness of the primary visual cortex in glaucoma patients. No thickness difference was found between superior and inferior calcarine cortices in normal subjects (P = 0.30, paired t-test, t = 1.074, df = 12); and no statistically significant difference was identified in the grey matter thickness between calcarine cortices in glaucoma patients (affected 1.46 AE 0.11 mm and unaffected 1.51 AE 0.14 mm) and normal controls Figure 2 Topographic correlation between microstructural changes in the OR and functional defects in glaucoma. Visual field quadrant-based retinotopic analysis was performed between DTI indices and visual function. Humphrey 24-2 perimetry, multifocal visual evoked potential (mfVEP) and tractography-generated optic radiation (OR) fibres from a representative glaucoma patient are shown. Corresponding visual field quadrants including Humphrey perimetry (A) and mfVEP (B), retinal regions (approximate) (C), and OR portions (D), are shown in the same colour. (E) Humphrey sensitivity threshold (dB, from each affected quadrant and averaged both eyes) negatively correlated with axial diffusivity (AD) (P = 0.01), radial diffusivity (RD) (P = 0.01) as well as mean diffusivity (MD) (P = 0.007) in the corresponding OR fibres (n = 25). (F) There was also a significant correlation between mfVEP latency (ms, from each unaffected quadrant and averaged both eyes) and radial diffusivity (P = 0.001) (n = 16), but no correlation was found between latency and axial diffusivity (P = 0.18). (G) In addition, mfVEP latency also negatively correlated with fractional anisotropy (FA) (P = 0.002) and positively correlated with mean diffusivity (P = 0.009).
(1.51 AE 0.11 mm) (unpaired t-test; affected versus normal control, P = 0.31, t = 1.032, df = 36; unaffected versus normal control, P = 0.95, t = 0.068, df = 36). However, intra-subject asymmetry analysis revealed that the thickness of the calcarine cortex corresponding to the affected visual hemifield was reduced relative to the unaffected counterpart (P = 0.012, paired t-test, t = 2.401, df = 24, Fig. 3B ). Examples of the brain thickness map from glaucoma Red line outlines the external border of the cortex; and the yellow line demarcates the border between grey and white matter. Black and white arrows indicate upper and lower calcarine cortices, respectively. (B) The calcarine cortices receiving projections from the affected visual hemifield showed thinner grey-matter thickness compared to the unaffected counterparts (P 5 0.05; n = 25). Data analysed with paired t-test. (C) Patients were further allocated into two groups based on the severity of visual hemifield defects (PSD). The grey-matter thickness difference between the affected and unaffected calcarine cortices was statistically significant (P 5 0.05) in the patients with more advanced hemifield defects (PSD 4 10 dB, n = 13) but not significant in patients with PSD 5 10 dB (P 4 0.05; n = 12). Scatter dot-plot lines at mean with SEM. The association between cortical thickness reduction and diffusivity changes in the optic radiation (OR) was also analysed. Grey matter thickness reduction in V1 (the thickness difference between affected and unaffected calcarine cortices in millimetres) was associated with radial diffusivity (RD) changes in the OR (the difference of diffusivity between affected and unaffected ORs) (P = 0.009, n = 25) (E), but not with axial diffusivity (AD) changes (P = 0.83) (D). (F) In addition, calcarine cortex thinning significantly correlated with fractional anisotropy (FA) (P = 0.004). (G) The correlation between thickness reduction and mean diffusivity (MD) changes did not reach statistical significance (P = 0.114).
patients are shown in Supplementary Fig. 3 and localized grey matter thinning can be seen in the calcarine cortex corresponding to visual hemifield loss. We again examined the cortical thickness changes in two patient groups based on the severity of visual hemifield defects as described above. In the patient group with more advanced hemifield loss (PSD 5 10 dB, n = 13), a statistically significant grey matter thickness loss was observed (P = 0.019, paired ttest, t = 2.309, df = 12, Fig. 3C) ; while in the patients with PSD 5 10 dB (n = 12), no statistical difference was found between the cortical thickness of affected and unaffected calcarine cortices (P = 0.14, paired t-test, t = 1.155, df = 11, Fig. 3C ). This result suggested cortical thickness reduction was also associated with the disease severity.
We then examined the correlation between relative reduction of calcarine thickness (difference between the affected and unaffected calcarine cortices, mm) versus relative diffusivity changes in the OR (difference in DTI indices between fibres projecting to affected and unaffected parts of the visual hemifield) and found a significant association between reduction of grey-matter thickness in calcarine cortices and radial diffusivity increase in the OR (r = À0.368, P = 0.009; Fig. 3E ). However, no statistical correlation was found between calcarine cortical thickness reduction and axial diffusivity changes (r = 0.032, P = 0.83; Fig. 3D ). In addition, a significant correlation between decreased fractional anisotropy and V1 thickness reduction (r = 0.401, P = 0.004; Fig. 3F ) was observed. This result, together with the multi-nodal diffusivity analysis (Fig. 1) , which showed that the radial diffusivity increase had reached the visual cortex in the affected pathways, suggests that transneuronal changes in the visual cortex could be mediated by myelin or glial pathology.
Microstructural changes along the optic radiations in patients with multiple sclerosis
We then investigated microstructural changes in the OR in patients with multiple sclerosis. Demographic data of multiple sclerosis patients and healthy controls are shown in Supplementary Table 3. Similar to the diffusivity changes observed in glaucoma patients, we found an increase in axial diffusivity in the anterior OR segments only in multiple sclerosis patients with history of optic neuritis (P 5 0.0001, Fig. 4B ), but not in non-optic neuritis patients (P = 0.96, Fig. 4B ). In contrast to the axial diffusivity changes, radial diffusivity increase was seen along the entire length of OR in patients with optic neuritis (P 5 0.0001, Fig. 4C) ; while in non-optic neuritis patients, radial diffusivity changes were only observed in the anterior part of OR close to the LGN (P 5 0.0001, Fig. 4C ). Fractional anisotropy reduction and mean diffusivity increase were also found along the entire OR in patients with optic neuritis, but only in the anterior OR parts in non-optic neuritis patients (Fig. 4D and E) . This result demonstrates comparable patterns of diffusivity change in glaucoma and optic neuritis, suggesting a shared mechanism of anterograde neurodegeneration in both forms of optic neuropathy.
Anterograde changes in radial diffusivity in the optic radiations in patients with optic neuritis
We monitored patients with multiple sclerosis using standardized structural and diffusion MRI over 3 years. No patients who completed the longitudinal study (n = 13 in the optic neuritis group and n = 15 in the non-optic neuritis group) developed new lesions in the OR during the followup period (see Supplementary Fig. 4 for the study flowchart and Supplementary Table 4 for participant details). DTI performed at Year 3 was compared with the results from baseline. No axial diffusivity changes were observed in the optic neuritis or non-optic neuritis groups (P = 0.77 for the optic neuritis group; P = 0.18 the non-optic neuritis group; Fig. 5C ); however, a mild but statistically significant radial diffusivity increase was found in optic neuritis patients (P = 0.001; Fig. 5D ), mainly localized in the anterior OR segments. By contrast, no longitudinal radial diffusivity changes were seen in non-optic neuritis patients (P = 0.47; Fig. 5D ).
Based on the retinotopic projections of the visual pathways ( Fig. 5A and B) , we analysed the correlation between the above radial diffusivity increase and topographical RGC loss (nasal and temporal) caused by optic neuritis by using asymmetry analysis. RGC loss was determined by GCIPL thinning, which has been widely used in multiple sclerosis studies (Graham et al., 2016; Petzold et al., 2017) . We observed an association (P = 0.03; r = À0.433; Fig. 5E ) between relative RGC loss in the retina and topographical radial diffusivity increase in the OR. These findings suggest that progressive transneuronal change in the OR is secondary to primary injury due to optic neuritis; it is heralded by myelin pathology and occurs at a very slow rate during the chronic phase.
Early demyelination in the posterior visual pathways post-optic nerve injury in mice
We then sought to determine whether optic nerve injury was linked with the early demyelinating changes in the posterior visual pathways using an acute mouse model of optic nerve injury. Optic nerve axotomy was performed in one randomly selected eye in mice, leaving the fellow eye as an internal control (over 95% of the RGC axons decussate at the chiasm in mice). We analysed secondary changes in the posterior visual pathways based on the unique anatomy of the posterior projections between the dorsal LGN (dLGN) and V1 at different time points (Leamey et al., 2008; Oh et al., 2014) . Two areas (I and II) were specifically sampled for histological analysis, representing proximal and distal segments of the posterior visual pathway (Fig. 6A ). Area I sat medial to the ventral LGN (vLGN), where there are no direct RGC projections (Morin and Studholme, 2014) , whereas area II was located at the subcortical external capsule. A morphological study with histological analysis was first performed using LFB and Bielschowsky's silver staining. Demyelinating changes became evident in area I on LFB staining 1 week subsequent to optic nerve axotomy (Fig. 1B) , with altered appearance of the highly coherent white matter tracts. In addition, there was an evident migration of macrophages and astrocytes in this area and myelin granules were observed inside the cytoplasm of infiltrating macrophages (Fig. 1B) . Cell types were identified as per the cytological features of neurons and glia based on Nissl staining as reported previously (Garcia-Cabezas et al., 2016) . Quantification of LFB stained area highlighted loss of myelin at 2 weeks following the optic nerve injury (Fig. 1F) . By contrast, there was no histological evidence of axonal deterioration in area I by the end point of the Figure 4 Microstructural changes along the OR in patients with multiple sclerosis related to the history of optic neuritis.
(A) Study subject selection. Multiple sclerosis patients (n = 82) were screened using diffusion MRI and tractography, and subjects with OR lesions were excluded. Topography of retinal projections to right and left ORs are shown in red and blue, respectively, on the right. (B) Fibre-based diffusivity analysis showed increased axial diffusivity (AD) in the OR of optic neuritis patients (P 5 0.0001) limited to the anterior OR segments (orange shading). No change in axial diffusivity was found in non-optic neuritis patients (P = 0.96). (C) Radial diffusivity (RD) increase was found in both optic neuritis (P 5 0.0001) and non-optic neuritis patients (P 5 0.0001). However, the increase of radial diffusivity was seen along the entire length of the OR in optic neuritis patients (orange shading), while only in the anterior OR segments (green shading) in non-optic neuritis patients. Similarly, reduction of fractional anisotropy (FA) (D) and increase of mean diffusivity (MD) (E) were observed along the entire length of the OR in optic neuritis subjects (orange shading), but only limited to the anterior part of OR in the non-optic neuritis counterparts (green shading). Data analysed with two-way ANOVA (green and orange dashed lines represent SEM; n = 14 for optic neuritis patients, n = 16 for non-optic neuritis patients, n = 20 for normal controls). study (2 weeks) as determined by Bielschowsky's silver staining. This is despite the fact that severe axonal disruption was observed in the contralateral optic tract (Fig. 1C) . Also, no morphological changes were observed in area II.
Immunohistochemical analysis reinforced the hypothesis that the transneuronal degeneration is heralded by demyelinating changes in distant but synaptically connected white matter pathways. An increased number of myelin-laden . A star scan was performed for each eye and GCIPL thickness was analysed for both nasal (N) and temporal (T) retinas. Diffusivities were also analysed for both right and left ORs. No change in axial diffusivity (AD) was observed in optic neuritis or non-optic neuritis patients during 3 years follow-up (P 4 0.05) (C); however, an increase in radial diffusivity (RD) was observed in optic neuritis patients (P = 0.001), but not in non-optic neuritis patients (P = 0.49). (D) Multi-nodal analysis showed that the radial diffusivity increase was mainly observed in the anterior segments of the OR (orange shading). RGC axonal loss caused by previous optic neuritis attacks can be determined by measuring the asymmetry of GCIPL thickness between the optic neuritis and non-optic neuritis eyes. Optic neuritisrelated RGC loss in A, as an example, was calculated as N NON -N ON for the nasal (N) retinal area and T NON -T ON for the temporal (T) area. (E) We found a significant association between GCIPL thinning and retinotopic radial diffusivity increase in the OR in the follow-up study (r = À0.433; P = 0.03). N NON = nasal retina in non-optic neuritis eye; N ON = nasal retina in optic neuritis eye; T NON = temporal retina in nonoptic neuritis eye; T ON = temporal retina in optic neuritis eye.
(myelin proteolipid protein, PLP) F4/80 + macrophages was observed in area I 2 days post optic nerve axotomy (Fig. 6D) , indicative of early active demyelination (Lassmann et al., 1994) . In addition, upregulation of an astrocyte activation marker (GFAP) was observed in the same area (Fig. 6D) . Interestingly, this study also established that localized accumulation of amyloid precursor protein (APP), an indicator of early axonal damage due to disrupted fast axonal transport (Sherriff et al., 1994; Plummer et al., 2016) , was not discernible at least 1 week following optic nerve axotomy ( Fig. 6D and Supplementary Fig. 5 ). Quantification of macrophage, astrocyte and APP+ axonal spheroid staining at intervals following optic nerve axotomy demonstrated that astrocyte activation peaked at Day 2; and this was followed by an increasing abundance of macrophages in the first week that was much reduced by Week 2. On the other hand, the level of axonal damage in area I started from Day 7 and continued to increase over the 2-week interval post-axotomy (Supplementary Fig. 6 ). It is also important to note that there were no apoptotic neurons observed in the dLGN at Day 2; and neuronal degeneration and apoptosis only became evident at Day 7 ( Supplementary Fig. 7 ), suggesting that astrocyte activation also preceded neuronal cell death. Similarly, astrocyte activation and appearance of myelin-laden macrophages were observed in area II at 2 weeks (Fig. 6E) , but no evidence of axonal damage (APP accumulation) was detectable at this time point in that area. The sequence of events observed in anterograde transneuronal degeneration in the mouse visual pathway is summarized using a heat map (Fig. 6F) . The results from this animal model corroborated human neuroimaging observations in the OR in patients with optic neuropathies, further supporting the notion that demyelination and glial changes preceded axonal damage in the pathological spread of neurodegeneration.
Discussion
In this study, we demonstrate a topographic relationship of retinal ganglion cell loss with microstructural changes in the posterior visual pathways in two specifically selected cohorts of patients with optic neuropathies. Our results provide the first evidence that myelin pathology is involved and precedes axonal loss in the pathological spread of neurodegeneration.
In healthy myelinated axons, diffusion of water molecules, as measured by DTI, is greater in the direction parallel to the length of the fibre and is restricted in the directions perpendicular to the direction of the axons, measured by axial and radial diffusivity, respectively (Aung et al., 2013) . In the animal models, an increase in radial diffusivity is associated with myelin damage (Song et al., 2005; Sun et al., 2006) , while the change in axial diffusivity correlates axonal loss (Wu et al., 2007; Budde et al., 2009; Zhang et al., 2011) .
Changes in radial diffusivity in the whole OR have been previously reported in patients with glaucoma (Zikou et al., 2012; Kaushik et al., 2014; Sidek et al., 2014) . However, average DTI indices provide little information about local diffusivity alterations along the visual pathways. Here, by using multi-nodal analysis (Yeatman et al., 2012; Klistorner et al., 2015) , we found an increase in axial diffusivity in the anterior OR fibres that receive projections from affected retinal regions. Radial diffusivity, a surrogate for myelin damage, was increased in both affected and unaffected OR fibres. This increase was seen along the entire length of those OR fibres projecting to the affected visual field in glaucoma and in patients with optic neuritis, but was limited to the anterior segments in the unaffected (or preperimetric) glaucomatous OR fibres and in non-optic neuritis patients. These findings suggest that the diffusivity changes occur in an anterograde manner, from the LGN to V1. While both radial and axial diffusivity indices are affected in subjects with more severe optic nerve damage (supported also by group analysis), the predominant increase of water diffusion perpendicular to OR fibres implies that there may be an additional damage (or loss) of myelin membranes. To substantiate the DTI observation, we used the mfVEP technique in glaucoma patients, which provides an accurate functional measure of demyelination in the visual pathways in vivo (You et al., 2011 (You et al., , 2012b . VEP-DTI correlation analysis was not used in the multiple sclerosis cohort. The main reason for this is that an individual OR receives inputs from both eyes. Since all the patients with multiple sclerosis had unilateral disease (which is different to our glaucoma cohort where both eyes are affected), the effects of OR changes on VEP would be significantly 'diluted' if we measured the non-optic neuritis eye only. Second, VEP latency from optic neuritis eyes is already significantly delayed after an optic neuritis episode, which will potentially mask the subtle trans-synaptic effects in the OR on VEP latency. In glaucoma, which is not primarily considered as a demyelinating disease, we still demonstrated a significant relationship between latency delay of the mfVEP (which reflects slowing of conduction typically caused by loss of myelin) and radial diffusivity increase in the OR. Correlation between the two measures further supports a critical mechanistic role for demyelination in transneuronal damage. Previous studies on conventional and multifocal VEP in glaucoma have had variable findings on latency delay with most reporting some delay present, but not represented in all cases (Graham, 2006) . This may be a reflection of different patterns of field loss, severity and time course in the disease process.
Optic neuritis typically results in transection of RGC axons, but does not directly affect the OR (Kolbe et al., 2012; Rocca et al., 2013; Tur et al., 2016) . However, increased radial diffusivity in the OR has been reported in patients after acute optic neuritis suggesting a trans-synaptic machinery (Raz et al., 2015; Tur et al., 2016) . In addition, reduced myelin water fraction (a myelin-specific MRI sequence) in the OR has been reported in patients with multiple sclerosis (Manogaran et al., 2016) . Evidence of optic neuritis-related trans-synaptic damage in the OR was also observed in neuromyelitis optica spectrum disorder (Kuchling et al., 2018) , which can present with more severe bilateral optic neuritis (trans-synaptic effects expected to be more evident). However, contrary to our findings, the same study did not demonstrate damage in patients with unilateral optic neuritis (multiple sclerosis and clinically isolated syndrome), which is likely because of methodological differences and patient selection (Kuchling et al., 2018) . In addition, lesional effects on OR diffusivity measurements have been well documented (Raz et al., 2015; Kuchling et al., 2018) . The presence of demyelinating OR lesions, even on a microscopic level, may cause significant alteration of radial diffusivity and thereby confound the interpretation of in vivo MRI-based interrogation of visual pathways in patients with optic neuritis and normal-appearing ORs. However, increased radial diffusivity in the OR following optic neuritis is independent of brain lesional load (Tur et al., 2016) and we observed stability of axial diffusivity in the OR over the same period, mitigating against primary OR demyelinating pathology as the principal cause of altered radial diffusivity in the OR of optic neuritis patients, while suggesting transneuronal degeneration as a more plausible factor (Tur et al., 2016) . To minimize the effects of OR lesions on diffusivity measurements, we only included multiple sclerosis patients without OR lesions in the current study.
An increase in axial diffusivity was only observed in the part of OR that projects to the affected glaucomatous hemifield and in patients with optic neuritis, as compared to radial diffusivity changes, which were also identified in unaffected or per-perimetric OR tracts in glaucoma and in non-optic neuritis multiple sclerosis patients. It is known that there is early/mild but measurable RGC loss in the pre-perimetric stage of glaucoma; it has also been well recognized in multiple sclerosis that while optic neuritis eyes have more significant RNFL loss, there is also detectable RGC loss and RNFL thinning in non-optic neuritis eyes (Petzold et al., 2010; Martinez-Lapiscina et al., 2016) . Therefore, the diffusivity observations in the glaucoma and multiple sclerosis cohorts both support the 'early demyelination' hypothesis, suggesting that myelin changes occur at a very early stage of anterograde transneuronal degeneration.
Increasing evidence suggests that glaucoma is not merely an eye disease and there might be irreversible effects in the posterior visual system and possibly beyond (Yü cel and Gupta, 2008) . Although neurodegeneration in the visual cortex was found in animal models following optic nerve axotomy (You et al., 2012a) , there is still no direct evidence suggesting that visual cortices are affected in human optic neuropathies in a 'retinotopic' manner. Widespread cortical thinning and changes of brain connectivity has been reported in glaucoma patients (Chen et al., 2013; Yu et al., 2013; Bogorodzki et al., 2014; Frezzotti et al., 2016) . However, to confirm the mechanisms underlying anterograde transneuronal degeneration, the topographical relationship between the area of RGC loss and thinning of primary visual cortex has to be established. Therefore, we based this study on the unique retinotopic connection between the retina and the striate cortex. While acknowledging intra-subject asymmetry, we demonstrated significant glaucoma-related thinning of the calcarine cortex receiving projections from damaged hemi-retinas, implicating an underlying transneuronal mechanism. Furthermore, the association between cortical thinning and radial diffusivity increase in the OR, indicating transneuronal degeneration is mediated through myelin associated pathological changes.
While myelin-axon interaction may play a role in primary neurodegeneration (Nave, 2010) , the mechanisms of transneuronal degeneration remain unknown. A direct connection between oligodendrocyte progenitor cells (OPC) and axonal synapses, suggesting that synaptic pathology may affect the differentiation of OPCs into myelinating oligodendrocytes (Eroglu and Barres, 2010) . Synaptopathy could also lead to excitotoxic damage and neurodegeneration in multiple sclerosis (Mandolesi et al., 2015) . Interestingly, neurodegenerative disease-specific proteins, such as -synuclein, can spread not only between neurons but also between neurons and astrocytes (Loria et al., 2017) . Astrocyte activation is associated with inflammation and has been shown to induce degeneration of mature oligodendrocytes in vitro. In addition, Liddelow et al. (2017) recently identified a critical role that A1 type astrocytes play in a number of human neurodegenerative disorders. While this work mainly focused on the investigation of primary neurodegeneration, it provided important molecular clues to explain the findings in the current study in transneuronal degeneration.
To summarize, this study reveals an ordered sequence of pathological events that culminate in trans-synaptic axonal loss (Fig. 6G) . While degeneration appears trans-synaptic at the macroscale level, this work suggests that astrocyte-and macrophage-mediated demyelination precedes axonal loss at the cellular level; and provides evidence that the spread of neurodegeneration may be independent of neurotransmission machinery.
